Use of Degussa P25 titanium-dioxide nanopowder in dye-sensitized solar cell (DSSC) photoanode improves efficiency of the DSSC cell. Annealing of titanium dioxide is required for fabrication of crystalline mesoporous thin film photoanode on transparent conducting glass using doctor blade method. Different annealing temperatures provide different structural, morphological, and optical properties of the photoanode, which may influence the efficiency of the cell. In this paper, energy-dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM), X-ray powder diffraction (XRD), and UV-Vis-NIR spectroscopic analysis have been carried out to investigate annealing temperature effect on various structural parameters, mole-fraction, phase-content, and optical bandgap of the TiO 2 film photoanode. It was observed that depending on annealing temperature, the ratio of polymorphs of Degussa P25 changed substantially. For the change in annealing temperature from 350°C to 600°C, variations occurred in crystallite size from 11.9 nm to 24.9 nm, strain from 0.006 to 0.014, specific surface area from 62.77 m 2 ·g −1 to 125.74 m 2 ·g −1 , morphology index from 0.49 to 0.64, dislocation density from 5 × 10 13 line/m 2 to 8 × 10 15 line/m 2 , crystallite per unit surface area from 2 × 10 13 m −2 to 2.5 × 10 14 m −2 , and optical bandgap from 2.4 eV to 3.1 eV.
Introduction
Dye-sensitized solar cell (DSSC) provides lowcost, simple fabrication procedure, and promising efficiency. Thus, researchers have shown an increased interest in developing this kind of photovoltaic cell in recent years [1, 2] . DSSC comprises of three main components: photoanode, redox couple electrolyte, and counter electrode. In DSSCs, photogenerated charge carriers from dye molecules are collected by photoanode and counter-electrode material which transfer these charge carriers (electrons) to the outer circuit [3] [4] [5] . Crystal structure, specific surface ratio, grain size, traps, defects, * E-mail: makhan.inst@gmail.com surface morphology, photocatalytic activity, optical properties, bandgap, etc. of the photoanode and counter-electrode play a crucial role in overall cell efficiency [4, 6] . Therefore, finding a new material and optimizing structural and optical properties of photoelectrode material are an active research area of photovoltaics to improve cell efficiency.
Different kinds of nanostructures e.g. mesoporous, mesoscopic spherical structures, nanorods, and nanowires, etc. of various organic and inorganic materials have been considered to employ as photoanodes [7] . Titanium dioxide, an ntype semiconductor, is one of those materials that have been applied to heterojunction solar cell (e.g. DSSC and all solid perovskite solar cells, etc.) as an electron transport layer because of its high efficiency, low cost, chemical inertness, thermal and photo-stability [5] . Among various nanostructures, mesoporous materials having high specific surface area and ordered arrangement of uniform large-size pores [8] have gained extensive researchers' interest. Titanium dioxide (TiO 2 ) is a wide bandgap material (about 3.2 eV), usually found in the form of anatase, rutile, and brookite [9, 10] . Anatase is more photoactive, has a greater band gap, higher refractive index, and higher electron diffusion coefficient than that of rutile [6] . But rutile is the most thermally stable polymorph [10] . In addition, anatase does not absorb blue light whereas rutile does a little amount. Because of higher bandgap, anatase offers higher cell voltage [11] . It has been reported that short-circuit photocurrent of the rutile-based cell is about 30 % lower than that of the anatase-based cell [5] . However, synergistic effect has been observed in the mixture of anatase and rutile nanoparticles. Enhanced photocatalytic effect and reduced recombination of photogenerated electron-hole pairs have also been observed [12] . Different ratios of these two polymorphs govern the efficiency of interfacial electron collection and transfer, demonstrating synergistic effect [4, 9, 13, 14] .
To employ TiO 2 as photoanode, conventionally, a mesoporous TiO 2 photoanode is grown on transparent conducting oxide (FTO or ITO) fabricated by high-temperature sintering of TiO 2 nanoparticles in the presence of pore-forming agents [7, 15] . Morphological structure and lattice parameters depend on precursor, process of synthesis, initial crystallite size [10, 16] , and heat treatment. Degussa P25, a commercially available titanium dioxide nanopowder with 10 nm diameter particle (anatase to rutile 3:1) and doctor blade method have already gained popularity to grow mesoporous titanium dioxide on ITO coated glass [8, [17] [18] [19] . In this method, heat treatment is necessary to form crystalline structure [4] . It facilitates eliminating organic substances that might be present in the precursor paste as well as forming an electron transport network in sintered granular structure that has good contact with TCO substrate [19] . However, heat treatment results in a change of micrograin structure, crystallinity, surface morphology, grain size, pore size, specific surface area, microstrain, dislocation density of the crystal, the ratio of polymorphs (particularly anatase and rutile because of phase transformation), etc. [10, 12, [20] [21] [22] . In turn, these changes also have an influence on photocatalytic activity, reflectance, diffusion reflectance, refractive index, work function of the particle surface, electron mobility, charge carrier lifetime and diffusion length affecting the cell performance [19, 20] .
In doctor blade method, some additional chemicals are required to form a paste along with TiO 2 nanopowder. The amount and types of chemicals influence photoanode properties as well. In this study, we made TiO 2 paste with unique chemical combination that was found in previous studies [23, 24] to form an efficient photoanode. However, there has been no report why this particular combination of chemicals along with specific annealing temperature provide higher efficiency cell. Therefore, thorough characterization of the TiO 2 photoanode is required to understand the influence of annealing temperature and chemical constituents on its performance.
The objective of this research work is to characterize TiO 2 photoanode mesoporous film for various annealing temperatures to understand the effect of change in structural and optical properties obtained in this procedure. EDS, XRD, SEM, and UV-Vis-NIR spectroscopic characterization were carried out. EDS was used to verify titanium and oxygen content and absence of other contaminations to maintain the quality of the samples. SEM images show surface morphology of the photoanode film and XRD reveals structural parameters crystallite size, strain, morphology index (MI), specific surface area (SSA), mole fraction and phase content, dislocation density, and crystallites per unit surface area for different annealing temperatures. UV-Vis-NIR spectroscopic analysis reveals the effect of annealing temperature on absorption, transmittance, and optical bandgap of the TiO 2 photoanode film. 
Experimental

Materials
The following materials were used to prepare the mesoporous TiO 2 films for photoanode: indium tin oxide (ITO) coated glass plate (Dyesol, Australia) as substrate materials, TiO 2 nanopowder (Degussa P25, USA), titanium IV isopropoxide (TTIP) (Merck, Germany), Triton X-100 (Merck, Germany), polyethylene glycol (PEG) and citric acid (C 6 H 8 O 7 ).
TiO 2 film coating for DSSC photoanode
At first, in a beaker the following materials were mixed properly by hand with the help of a glass rod for few minutes: 0.1 g of TiO 2 nanopowder (Degussa P25), 0.2 mL titanium (IV) isopropoxide, 0.1 mL citric acid (0.1 M), 0.05 mL Triton X-100, and 0.1 mL PEG. Then, to formulate more uniform homogeneous TiO 2 paste, previous procedure was repeated [23, 24] . Then, the TiO 2 coated ITO glass substrates (1 cm 2 ) were annealed at 300°C, 350°C, 400°C, 450°C, 500, and 600°C for 1 hour [23, 24] . After heat treatment, the substrates were allowed to cool slowly. Eventually, mesoporous photoanode of 10 µm was obtained.
XRD characterization
Various structural parameters of the TiO 2 photoanode developed on ITO coated glass substrates at different annealing temperatures (Ta = 300°C, 350°C, 400°C, 450°C, 500°C and 600°C) were investigated by X-ray diffractometer (GBC-EMMA, Australia) at 2θ position (from 20°to 90°) with CuKα X-ray of wavelength λ = 1.54056 Å.
SEM and EDS characterization
EDS and SEM characterizations were carried out by FESEM (JEOL JSM-7600F, Japan) at 5 kV to 7 kV accelerating voltage.
UV-Vis-NIR analysis
UV-Vis-NIR spectra of TiO 2 films annealed at different temperatures were recorded by UV-Vis-NIR spectroscopy (Hitachi 4200, Japan) in the range of 300 nm to 1100 nm, with a fresh ITO substrate used as a reference.
Results and discussion
EDS analysis
Energy dispersive spectroscopy (EDS) characterization is a method to determine percentage of various individual elements in a compound material by measuring the amplitude of wavelength of an X-ray emitted after hitting a sample by electron beam. In this research, EDS was used to assess the percentage of various elements existing in the TiO 2 films. The EDS images of TiO 2 films are shown in Fig. 1 . EDS data were collected from three points of each sample specified in the SEM image which were identified as 001, 002 and 003 (Fig. 1) . The atoms were recognized by determining the kinetic energy of emitted electrons from the atoms. The intense two peaks at 0.525 keV and 4.508 keV indicate the presence of oxygen atom (O) and titanium atom (Ti), respectively. Thus, it provides crucial information about the purity of the prepared samples. It is seen from 
SEM analysis
SEM images (Fig. 2) of the prepared mesoporous TiO 2 film after heat treatment at four different temperatures (350°C, 450°C, 500°C and 600°C) were used to observe the surface morphology of TiO 2 film. Heat-treatment at different temperatures produced a subtle effect on surface morphology. It is seen that spherical nanoparticles of nanometer scale are agglomerated throughout the surface area. The particles that can be identified in nanometer scale are the primary particles, and agglomerations of several primary particles are termed as secondary particles. Various kinds of forces, e.g. capillary forces, weak surfaces forces (soft agglomerates), and strong chemical bonds (hard agglomerates) cause agglomeration of small primary particles to form larger secondary particles.
XRD analysis
In Fig. 3 , thirteen diffracted peaks for anatase phase A along with five peaks for rutile phase R are observed. The two intense diffracted peaks noticed for anatase and rutile are (1 0 1) and (1 1 0), respectively. These two phases dominate other phases substantially. Therefore, in this research, effect of annealing temperature on various structural parameters related to the performance of photoanode was analyzed for anatase (1 0 1) and rutile (1 1 0) phases. 
Effect of annealing temperature (Ta) on mole fraction and phase content
The existence of two phases (anatase and rutile) was established from the investigation of XRD peaks of the TiO 2 films. Molar ratio of anatase to rutile was calculated from the XRD peak intensity ratio by the method of Spurr and Myers [25] using the following formulas:
where W A and W R are the mole fractions of anatase and rutile, respectively; I A and I R are the peak intensities of anatase and rutile phases, respectively. Fig. 4 shows the impact of annealing temperature on mole fraction and phase content. It is seen that the change of the anatase phase and rutile phase is reciprocal to each other. At 350°C annealing temperature, the content of the anatase phase is the highest whereas the content of rutile phase is the lowest. A subtle effect is observed for changing annealing temperature between 450°C and 500°C. In this region, the ratio of anatase to rutile is about 3:1. This ratio of anatase to rutile is similar to the ratio of anatase to rutile present in TiO 2 Degussa P25 nanopowder. Therefore, annealing temperature provides an effective mechanism to control molar fraction and phase content of anatase (1 0 1) and rutile (1 1 0) polymorph.
Effect of annealing temperature (Ta) on crystallite size and strain
Lattice strain is a measure of distribution of lattice constants originated from crystal distortion. Crystal imperfections such as lattice dislocation, grain boundary triple junction, contact or sintering stresses, coherency stresses, stacking faults, etc. are the sources of strain. Imperfection in crystal causes broadening of X-ray diffracted peaks [26] . Broadening of X-ray diffracted peaks enables an estimation of crystallite size and lattice strain. Crystallite size L, the average size of the crystalline domains, was estimated by the following DebyeScherrer equation [27] :
Lattice strain e was estimated by Williamson-Hall method [28] from the following equation:
where β is the full width at half-maximum (FWHM), K is a constant taken as 0.9, λ is the wavelength of X-ray, θ is the Bragg angle in degree. Table 2 shows the crystallite size of different anatase and rutile phases obtained for Degussa P25 TiO 2 film after annealing at different temperatures. It is observed that in XRD graph, there are no detectable peaks of R (2 1 1) phase at 500°C, and R (2 2 0) phase at 500°C and 600°C. It is assumed that these phases are absent or not detectable by XRD and therefore, the crystallite size of these phases is not included in the table. exactly opposite trend. However, in the case of rutile phase (1 1 0) , an irregular change of lattice strain and crystallite size is observed.
Effect of annealing temperature on specific surface area (SSA)
Characteristics of surface area are influenced by the large surface to volume ratio of nanoparticles. Inverse correlation between crystallite size and specific surface area (SSA) is observed. SSA can be calculated by taking into account the total area covered by the particles in a unit mass [29] . With the help of the equation 5, we can measure the SSA:
where ρ = nanoparticles density (here for TiO 2 its value is 4.23 g·cm −3 ), D P = nanoparticles size. Fig. 6 shows the effect of annealing temperature on SSA. SSA for anatase phase changes from 75.60 m 2 ·g −1 to 125.74 m 2 ·g −1 and for rutile phase from 62.77 m 2 ·g −1 to 89.75 m 2 ·g −1 . It is seen that for both anatase and rutile phase SSA is decreasing till 350°C. Above this temperature, an irregular change of SSA occurs. Around 450°C, SSA reaches a peak value. Physical and chemical activity of nanoparticles depend on SSA playing a critical role in dye adsorption, heterogeneous catalysis and reactions on the surface. As crystallite size decreases, SSA and surface to volume ratio increases dramatically [30, 31] . Higher surface area adsorbs more dye, increasing surface reactivity which, in turn, increases the efficiency. Therefore, SSA graph with annealing temperature provides crucial information for TiO 2 photoanode preparation.
Effect of annealing temperature on morphology index (MI)
With the help of equation 6, MI can be measured from full width at half maximum (FWHM) of X-ray diffraction (XRD) peaks [32] :
where FWHM h = highest full width at half maximum FWHM value obtained from peaks, FWHM p = particular peak full width at half maximum FWHM for which morphology index (MI) is to be measured. Fig. 7 presents the effect annealing temperature on the morphology index for anatase (1 0 1) and rutile (1 1 0) phases. MI value swings with annealing temperature reaching the highest value between 450°C to 500°C annealing temperature. 3.8. Effect of annealing temperature (Ta) on dislocation density and crystallites per unit surface area
During formation of crystals, dislocations originate from crystallographic defects (line defects) and irregularities. Mathematically, it is a type of topological defects. The term dislocation density is defined as the length of dislocation lines per unit volume of the crystal, and can be calculated by the following formula [33, 34] :
where L is the crystallite size. Crystallites per unit surface area N, another important structural parameter, is determined by the following equation [34] :
where L is the crystallite size.
The variation of dislocation density and crystallites per unit surface area with annealing temperature of anatase (1 0 1) and rutile (1 1 0) for Degussa P25 TiO 2 are shown in Fig. 8 . For anatase phase, it is seen that both dislocation density and crystallites per unit surface area decreased as the annealing temperature increased from 300°C to 350°C. For the temperature in the range of 350°C to 500°C, the graph shows almost flat profile. For low temperature, the changes occur very rapidly, however, at high temperature, (above 450°C) there is a gradual decrease in dislocation density and crystallites per unit surface area (Fig. 8a) . Nevertheless, for rutile phase the changes in dislocation density and crystallites per unit surface area with the temperature occur irregularly. No constant change is observed for that case (Fig. 8b) . 3.9. Effect of annealing temperature on optical properties Fig. 9 shows the effect of annealing temperature on transmittance, absorption, and optical bandgap. The measurements were carried out from 350 nm to 1100 nm wavelength range. Absorption coefficient is a parameter which is related to the light absorbing property of a material. It varies with wavelength of light and characteristics of the respective material. The absorption coefficient α can be measured by using equation 9 [35] as:
where A = absorbance, t = film thickness.
The optical bandgap can be determined by the Tauc formula [36] as:
where α = absorption coefficient,h = Planck constant, υ = frequency of radiation, A = A constant, E g = energy band gap.
From equation 10, direct bandgaps 2.45 eV, 2.55 eV, 2.5 eV, 3.05 eV and 3.0 eV were estimated for different annealing temperatures 300°C, 350°C, 450°C, 500°C and 600°C, respectively, as shown in Fig. 9d . Higher annealing temperature produces larger size crystallite particles with lower specific surface area which in turn reduces scattering of light [37] . Thus, higher annealing temperature increases the transmittance, supporting the data of increasing the crystallite size found from XRD. Moreover, crystallite size plays a critical role in bandgap value along with the effect of mixture of different TiO 2 polymorphs.
Conclusions
Effect of annealing temperature on structural, morphological and optical parameters of Degussa P25 titanium-dioxide DSSC photoanode has been investigated using XRD, EDS, SEM, and UV-Vis-NIR spectroscopic analyses. Phase content ratio of anatase (1 0 1) to rutile (1 1 0) in the material before annealing and after annealing is similar in the annealing temperature range of 450°C to 500°C. Above 350°C, structural parameters: crystallite size, strain, specific surface area, dislocation density, and crystallite per unit surface area for anatase (1 0 1) deviate slowly, whereas mole fraction, phase content, and morphology index show dramatic change in the range of 350°C to 450°C. On the other hand, parameters variation of rutile phase (1 1 0) with annealing temperature occurs irregularly. However, between 450°C to 500°C, a subtle change occurs for both anatase (1 0 1) and rutile (1 1 0) phases. In this range, higher crystallite size, specific surface area, morphology index; and lower strain, dislocation density facilitate efficient charge collection and transfer, leading to more efficient solar cell performance. Moreover, substantial variation in optical properties transmittance, absorbance, and bandgap is noticed with changing annealing temperature.
